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I ABSTRACT 
I 
T h i s  r e p o r t  p r e s e n t s  a numer i ca l  method f o r  t r e a t i n g  t h e  time t r a n s i e n t  Reynolds  
e q u a t i o n  which h a s  t h e  numer i ca l  s t a b i l i t y  p r o p e r t i e s  of i m p l i c i t  schemes and 
t h e  speed of e x e c u t i o n  of e x p l i c i t  methods. These advan tages  make t h i s  method 
q u i t e  s u i t a b l e  f o r  b o t h  s t e a d y - s t a t e  and t r a n s i e n t  c a l c u l a t i o n s .  
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INTRODUCTION 
The r e s e a r c h  p r e s e n t e d  i n  t h i s  paper  h a s  been mot iva t ed  by two c l a s s e s  o f  prob- 
lems commonly encoun te red  i n  g a s  l u b r i c a t i o n  technology:  
1) Dynamic r e s p o n s e  and s t a b i l i t y  c a l c u l a t i o n s  f o r  gas  b e a r i n g  sys t ems  
a r e  b e s t  sQlved by t i m e  t r a n s i e n t  i n t e g r a t i o n  of Reynolds e q u a t i o n  
i n  combina t ion  w i t h  t h e  a p p r o p r i a t e  dynamic e q u a t i o n s  of motion of  
t h e  sys t em components (Ref .  1). 
2) S t e a d y - s t a t e  d a t a  f o r  extreme o p e r a t i n g  c o n d i t i o n s  such a s  h i g h  v a l -  
u e s  of t h e  b e a r i n g  number n a n d  e c c e n t r i c i t y  r a t i o  E a r e  o f t e n  ob- 
t a i n e d  w i t h  g r e a t  numer i ca l  d i f f i c u l t y  by s t e a d y - s t a t e  methods 
( R e f s .  2 and 3) b u t  c a n  be e a s i l y  o b t a i n e d  by time t r a n s i e n t  c a l c u -  
l a t i o n s  s t a r t i n g  from p h y s i c a l l y  r e a s o n a b l e  i n i t i a l  c o n d i t i o n s  and 
d i f f u s i n g  t o  t h e  f i n a l  answer.  
Two b a s i c  approaches  c a n  be used i n  t h e  t i m e  i n t e g r a t i o n  of  Reynolds e q u a t i o n ;  
t h e y  a r e  commonly c a l l e d  t h e  " e x p l i c i t "  and i m p l i c i t "  methods ( R e f .  1). 
By t h e  e x p l i c i t  method t h e  t i m e  d e r i v a t i v e  of  p r e s s u r e  i s  e v a l u a t e d  from t h e  
res t  of Reynolds  e q u a t i o n  t a k e n  a t  t i m e  T .  The v a l u e  of t he  p r e s s u r e  a t  t i m e  
T + A T  i s  t h e n  o b t a i n e d  by d i r e c t  e x t r a p o l a t i o n .  
By t h e  i m p l i c i t  method b o t h  t h e  v a l u e  of  p r e s s u r e  i n  t h e  t i m e  d i f f u s i o n  term 
and t h e  h i g h e s t  space  d e r i v a t i v e s  of  p r e s s u r e  a r e  t aken  a t  t i m e  T + AT and 
s o l v e d  i n  terms of  t h e  r e s t  of t h e  t e rms  of Reynolds e q u a t i o n  t a k e n  a t  t i m e  T. 
I n  t h e  e x p l i c i t  method each  g r i d  v a l u e  of p r e s s u r e  a t  t i m e  T + AT i s  o b t a i n e d  
by one e x p l i c i t  a l g e b r a i c  e q u a t i o n .  
I n  t h e  i m p l i c i t  method, due t o  t h e  i n c l u s i o n  of d e r i v a t i v e s  of  t h e  pressure  
a t  t i m e  T + AT, a sys t em of  a l g e b r a i c  e q u a t i o n s  c o n n e c t i n g  a l l  g r i d  p r e s s u r e s  
must  be s o l v e d .  Consequen t ly ,  i n t e g r a t i o n  o v e r  one t i m e  s t e p  r e q u i r e s  much 
- 2- 
more computat ion time by t h e  i m p l i c i t  method than  by t h e  e x p l i c i t  one .  
However, t h e  numer i ca l  s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  e x p l i c i t  method s e v e r e l y  
l i m i t  t h e  s i z e  of t h e  time s t e p  t h a t  c a n  be u t i l i z e d ,  w h i l e  t h e  s t a b i l i t y  c h a r a c -  
t e r i s t i c s  of t h e  i m p l i c i t  method a r e  much b e t t e r  and a l l o w  much l a r g e r  v a l u e s  of 
t h e  t i m e  s t e p  AT. 
I n  c o n c l u s i o n ,  t h e  e x p l i c i t  method i s  of f a s t  e x e c u t i o n  p e r  t i m e  s t e p  b u t  i s  
l i m i t e d  t o  s h o r t  t i m e  i n t e r v a l  w h i l e  t h e  i m p l i c i t  method i s  of slow e x e c u t i o n  
p e r  t i m e  s t e p  b u t  c a n  u t i l i z e  a l ong  t ime i n t e r v a l .  
YLIIL.C c:--,-  It is i n  t h e  i n t e r e s t  of -- &,,“st prsblems t~ i n t e g r a t e  cver a certs111 time 
i n t e r v a l ,  i t  i s  obv ious  t h a t  a t e c h n i q u e  which combines t h e  speed of e x e c u t i o n  
of t h e  e x p l i c i t  method and t h e  numer i ca l  s t a b i l i t y  of t h e  i m p l i c i t  method i s  
q u i t e  d e s i r a b l e .  
I n  what f o l l o w s ,  one such  method i s  exposed. 
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TREATMENT OF REYNOLDS EQUATION 
Cons ide r  t h e  f o l l o w i n g  form of Reynolds e q u a t i o n :  
where a l l  v a r i a b l e s  a r e  d,.nensionless and X i s  t..e d i r e c t i o n  0, mot ion .  
L e t  4-L- L L C q u a n t i t y  H$ be a r b i t r a r i l y  s p l i t  i n  t h e  f o l l o w i n g  manner. 
and 
& = $ ( T  + AT) - $(T) 
a T  AT 
E q u a t i o n  (1) c a n  now be w r i t t e n  a s :  
E q u a t i o n  ( 4 )  i s  a g e n e r a l  f o r m u l a t i o n  which c o n t a i n s  bo th  t h e  e x p l i c i t  method 
by s e t t i n g  
and t h e  i m p l i c i t  method by s e t t i n g  
By n u m e r i c a l l y  approx ima t ing  a l l  d e r i v a t i v e s  of J' i n  e q u a t i o n  ( 4 )  by c e n t r a l  
d i f f e r e n c e s  and c o n s i d e r i n g  t h a t  t h e  J' d i s t r i b u t i o n  a t  time T i s  known, t h e  
numer i ca l  problem r e d u c e s  t o  
[L] (w +AT) j = ( R >  
The s o l u t i o n  of  e q u a t i o n  (5) i s  
A 
AT 
For t h e  e x p l  i c  i t  method [L] i s  d i a g o n a l  w i t h  c o n s t a n t  members - . 
i s  a l s o  d i a g o n a l  w i t h  c o n s t a n t  members and e q u a t i o n  ( 6 )  i s  of s imple  numer- 
i c a l  e x e c u t i o n .  
I t s  i n v e r s e  
For  t h e  i m p l i c i t  c a s e  r L 1  i s  n o t  d i a g o n a l  and i t s  members va ry  w i t h  JI from t i m e  
L -  7-1 s t e p  t o  t i m e  s t e p .  T h e r e f o r e  t h e  i n v e r s e C L J  must be o b t a i n e d  a t  e a c h  t i m e  
s t e p  a t  t h e  expense of  c a l c u l a t i o n  t i m e .  ( I t  shou ld  be p o i n t e d  o u t  t h a t  t h e  
columnwise i n v e r s i o n  method of r e f e r e n c e s  2 and 3 i s  a p p l i c a b l e  t o  t h e  s o l u t i o n  
o f  e q u a t i o n  (5) t h u s  r e d u c i n g  t h e  i n v e r s i o n  t i m e  c o n s i d e r a b l y  b u t  n o t  t o  t h e  
l e v e l  of  t h e  e x p l i c i t  method) .  
A g r e a t  improvement ove r  t h i s  s i t u a t i o n  i s  a f f o r d e d  by t h e  c h o i c e  
($H)ox and (JrH)oy i ndependen t  of  T .  
I ndeed ,  e q u a t i o n  ( 4 )  h a s  n o t  s u f f e r e d  i n  accu racy  s i n c e  
compensate  f o r  any d i f f e r e n c e  between the  t r u e  $H d i s t r i b u t i o n  a t  t i m e  T and t h e  
($HIox and (JrH)oy d i s t r i b u t i o n s ,  and t h e  o p e r a t o r  [L, 1 and i t s  i n v e r s e  [L] do 
n o t  change w i t h  t i m e .  
r e f l e c t e d  i n  changes of  t h e  members of the r i g h t  hand s i d e  ( R ) .  
T h e r e f o r e  a l l  changes i n  J' from time s t e p  t o  t i m e  s t e p  a r e  
I -  
The f a c t  t h a t  t h e  i n v e r s i o n  LL]-' i s  no t  performed a t  e a c h  t ime s t e p  r educes  
t h e  amount of Computation t o  t h e  l e v e l  of t h e  e x p l i c i t  method. 
The n e c e s s a r y  c o n d i t i o n  f o r  t h e  u s e f u l n e s s  of t h e  above proposed s e m i - i m p l i c i t  
method i s  t h a t  i t  be n u m e r i c a l l y  more s t a b l e  t h a n  t h e  e x p l i c i t  method. 
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NUMERICAL S TAB I L I  TY ANA LY S I S  
Genera l  t r ea tmen t :  
L e t  e q u a t i o n  ( 4 )  b e  w r i t t e n  w i t h  t h e  a i d  o f  t h e  f o l l o w i n g  d e f i n i t i o n s  
1 
= F50 + F51 = - - a F5 - (d T) A 
L J 
By s t a n d a r d  c e n t r a l  d i f f e r e n c e  fo rmulae ,  e q u a t i o n  ( 4 )  becomes 
j+l j 
j j ) +  ' ik - ' ik - j + -  F2m - F1 ' i , k  2AX ('i+l,k - ' i -1 ,k  
j+l  j+l 1 + F30 j+l ' i , k - l  j 
F4 j 
2ciy ('i,k+l - ) + -  ('i+l,k - 2'i,k + ' i -1 ,k  
(4w 
+ -  
> +  j j j ) + -  F50 j+ l  j+l j+l  2'i,k + ' i , k - l  
F3 1 
- 2'i,k + ' i -1 ,k  + -  (nx)2 ( 'i+l,k (ml 2 ('i , k+l 
Where 
a )  The F ' s  a r e  e v a l u a t e d  somewhere i n  t h e  i n t e r v a l  acco rd ing  t o  t h e  mean 
v a l u e  theorem and a r e  cons idered  t o  v a r y  much s lower  than  t h e  s o l u t i o n  
components c a u s i n g  numer ica l  i n s t a b i l i t y .  
b) i i s  t h e  g r i d  i n d e x  i n  t h e  X d i r e c t i o n  
k i s  t h e  g r i d  index  i n  t h e  Y d i r e c t i o n  
j i s  t h e  t i m e  g r i d  index  
L e t t i n g  
where Y! 
t h e  a c t u a l  s o l u t i o n  ,iiJ from i t , e q u a t i o n s  (13) c a n  be t ransformed i n t o  equa-  
t i o n s  f o r  t h e  d e v i a t i o n s  E ~ , ~ .  j Such e q u a t i o n s  a r e  i d e n t i c a l  i n  form t o  equa- 
t i o n s  (13) w i t h  i n  p l a c e  of  $J and s h a l l  n o t  b e  w r i t t e n .  (Th i s  i s  due 
t o  t h e  l i n e a r i t y  of e q u a t i o n  (13) ) .  
a r e  t h e  e x a c t  s o l u t i o n  t o  e q u a t i o n s  (13) and E' t h e  d e v i a t i o n s  of 1 , k  i , k  
i , k  
J 
i , k  
The e q u a t i o n s  f o r  EJ c a n  be s a t i s f i e d  by i , k  
r 
a T + I - l  ( b X + c Y )  
n n n N 
n= 1 
c(X,Y,T) = C A e n 
where e v e r y  term r e p r e s e n t s  a s o l u t i o n .  
S u b s t i t u t i n g  one t y p i c a l  term of (15) i n t o  t h e  e q u a t i o n s  f o r  E' and d i v i d i n g  i , k  
by 
a T +  1 - 1  ( b X + c Y )  
n n n 
P 
L 
y i e l d s :  AT 
a AT 
e n  -1 = F,AT + 
- 
fl bnnX - 6 bnM] + F4AT [ 7/-1 cnAY - fi c AY 1 
n~ 
U Y  
J 
e -e ' +  - - e  2@.x + F$T [. 
a AT + f i b  AX a R T  
- 2e + e  
anAT - fi b AX1 
I+  n 
F5&Tl anAT + l/-1 AY a AT anAT - I/ -1 c AY 
i +  n + e  n n + -  - e  - 2e 
L 
I 
i 
i 
1 - +icnAY -2 + e 
C o l l e c t i n g  terms and u s i n g  t h e  d e f i n i t i o n  of complex e x p o n e n t i a l s  
= 1 + F,AT + F2 fi s i n  b L1x + F4 - s i n  c AY + n n 
c nAY 2 s i n  - AT 
b W  2 n  s i n  -
2 
(AY) 
- 4F5i  
AT 
- 4F3i (w)2 2 
a R T  
e i s  the  e r r o r  growth r a t i o  i n  a t i m e  s t e p  AT. A s u f f i c i e n t  c o n d i t i o n  
f o r  n u m e r i c a l  s t a b i l i t y  i s  t h a t  
o r  
anAT 
e - < 1  
AT s i n  2 - cnAy] + 0 (AT) 1 
AT 
b A X  2 n  s i n  -2 
b A X  2 n  s i n  -2 
-f- F51 (Ay)2 2 
+ F50 (AY)2 2 
I 
I 
AT 
W r i t i n g  e q u a t i o n  (19) a s  
- 9- 
(18) 
and u s i n g  t h e  f a c t  t h a t  B > 0 ,  t h e  s t a b i l i t y  l i m i t s  a r e  g i v e n  by 
- B < A < 1 / 2 + B  (2 1) 
But ,  s i n c e  A + B > 0 ,  t h e  l e f t  l i m i t  i s  always s a t i s f i e d  and i t  must  b e  t h a t  
A - B < 112 
or 
1 2 
AT > 
- 
Obvious ly ,  when t h e  q u a n t i t y  i n  p a r e n t h e s i s  i s  n e g a t i v e  t h e  numer i ca l  s t a b i l i t y  
c o n d i t i o n  i s  always s a t i s f i e d .  Cond i t ion  (22) y i e l d s  
a )  t h e  w e l l  known e x p l i c i t  s t a b i l i t y  l i m i t  
~ 
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when 
b) t h e  u n c o n d i t i o n a l  s t a b i l i t y  of t h e  i m p l i c i t  method 
when 
S i m p l i f i e d  c r i t e r i a  
1) Equa l  t r e a t m e n t  i n  bo th  d i r e c t i o n s  
L e t  
The s i m p l e s t  way t o  use t h i s  c r i t e r i o n  i s  t o  have 
Thus by s e l e c t i n g  (*HI 
done e s p e c i a l l y  w i t h  b e a r i n g s  p o s s e s s i n g  a " l ead ing  edge") i t  i s  p o s s i b l e  
t o  keep t h e  c o r r e c t i o n  ($H) 
i c a l l y  s t a b l e .  
t o  be  t h e  h i g h e s t  t h i n k a b l e  va lue  of VH ( e a s i l y  
0 
always n e g a t i v e  and t h e  p r o c e s s  a lways numer- 1 
- 11- 
The q u e s t i o n  of  numer i ca l  accu racy  remains unchanged, and i n  t r u e  dynamic 
t r a n s i e n t  c a l c u l a t i o n s  i t  i s  impor t an t  t o  b e a r  i n  mind t h a t  v e r y  l a r g e  
v a l u e s  of  t h e  t i m e  i n t e r v a l  AT g ive  e r r o n e o u s  r e s u l t s  e s p e c i a l l y  i n  s e l f -  
e x c i t e d  w h i r l  t h r e s h o l d  e v a l u a t i o n s .  For  t h e  c a s e  of s t e a d y - s t a t e  c a l c u -  
l a t i o n s  t r a n s i e n t  accu racy  i s  n o t  i m p o r t a n t ,  and s i n c e  t h e  a c c u r a c y  of  t h e  
s t e a d y - s t a t e  answer i s  n o t  a f f e c t e d  by t h e  s e l e c t i o n  of  time i n t e r v a l  AT, 
t h i s  s e l e c t i o n  shou ld  be made on the  b a s i s  of exped iency .  
r a p i d i t y  w i t h  which t h e  t r a n s i e n t  s e t t l e d  t o  t h e  s t e a d y - s t a t e  p r e s s u r e  
d i s t r i b u t i o n  depends on t h e  t i m e  s t e p  AT. For smal l  v a l u e s  of  AT t h e  t r u e  
t r a n s i e n t  i s  fo l lowed  and l a r g e r  v a l u e s  of  AT mean longe r  times t o  r e a c h  
s t e a d y - s t a t e .  T y p i c a l l y  t h e  pressure a t  e a c h  p o i n t  i s  approached asymp- 
t c t i c a l l y  f rm  m e  side. Fer larger values of AT the true transient is 
n o t  f o l l o w e d ,  t h e  s o l u t i o n  t e n d s  to  t h e  s t e a d y - s t a t e  more r a p i d l y  over-  
s h o o t i n g  i t  and t h e n  o s c i l l a t i n g  about  i t .  A s  t h e  v a l u e  of  AT i s  r a i s e d  
f u r t h e r  t h e  o v e r s h o o t  i n c r e a s e s  and t h e  number of time s t e p s  s p e n t  i n  
o s c i l l a t i o n s  i n c r e a s e s .  Beyond a c e r t a i n  v a l u e  of AT t h e  o s c i l l a t i o n s  
become so  v i o l e n t  t h a t  the s o l u t i o n  cou ld  be c a l l e d  n u m e r i c a l l y  u n s t a b l e .  
The numer i ca l  s t a b i l i t y  a n a l y s i s  p re sen ted  above does  n o t  p r e d i c t  t h i s  
l i m i t  because i t s  v a l i d i t y  i s  l i m i t e d  t o  small  v a l u e s  of t h e  e r r o r s  w h i l e  
i n  t h i s  c a s e  t h e  e r r o r s  even a f t e r  one t i m e  s t e p  a r e  v e r y  l a r g e .  
Indeed t h e  
I n  c o n c l u s i o n ,  f o r  t h e  most economical e v a l u a t i o n  of  s t e a d y - s t a t e  p r e s -  
s u r e  p r o f i l e s  t h e  optimum v a l u e  of AT l i e s  i n  t h e  r e g i o n  where i t  pro-  
d u c e s  a n  i n c o r r e c t  t r a n s i e n t  which j u s t  o v e r s h o o t s  t h e  s t e a d y - s t a t e  
s o l u t i o n .  
o n  the r ange  of r u n n i n g  c o n d i t i o n s .  
u s e f u l  i n  d e t e r m i n i n g  t h e  most economical p r o d u c t i o n  v a l u e  of AT. 
T h i s  depends on t h e  a c t u a l  geometry under i n v e s t i g a t i o n  and 
A few numer ica l  expe r imen t s  a r e  
2) I m p l i c i t  i n  one d i r e c t i o n  o n l y . I t  may be of g r e a t  i n t e r e s t  t o  u se  
so t h a t  t h e  o n l y  i m p l i c i t  o p e r a t o r  i s  
Approximating t h i s  o p e r a t o r  by t h r e e  p o i n t  c e n t r a l  d i f f e r e n c e  fo rmulae  i t  
becomes a t h r e e  p o i n t  o p e r a t o r  ( r a t h e r  t han  f i v e  p o i n t  a s  i n  t h e  c a s e  of 
($may z 0) - 
T h i s  a f f o r d s  t h e  g r e a t  advantage t h a t  each  X-row of p o i n t s  forms an inde -  
pendent  t h r e e - d i a g o n a l  problem. I f  i d e n o t e s  a n  X-row ( t h a t  i s ,  i r u n s  
i n  t h e  Y d i r e c t i o n ) ,  t h e  problem can be r e p r e s e n t e d  a s  
- Ri ,k ;  i = 1, M 
j [Ak)j] i ' i ) j  
where e a c h  m a t r i x  [AIi i s  t r i d i a g o n a l  and t h e r e f o r e  of e x t r e m e l y  e a s y  
i n v e r  s i o n .  
The s t o r a g e  problem i s  a l s o  g r e a t l y  r e l i e v e d  i n  comparison w i t h  t h e  f u l l  
"columnwise i n f l u e n c e  c o e f f i c i e n t s "  method e 
A n a l y s i s  of t h e  numer i ca l  s t a b i l i t y  of t h i s  p a r t i c u l a r  t e c h n i q u e  s t a r t i n g  
from t h e  g e n e r a l  formula (22) y i e l d s  
which i s  t h e  n u m e r i c a l  s t a b i l i t y  l i m i t  f o r  one d imens iona l  exp1.ici.t methods 
T h e r e f o r e ,  t h e  one d i r e c t i o n  which is n o t  t r e a t e d  imp1 ic i t l . y  f a l l s  back 
i n t o  t h e  e x p l i c i t  method l i m i t a t i o n s .  However, i t  should be n o t i c e d  t h a t  
- 13- 
and,  by s e l e c t i n g  Y so  t h a t  
improvements ove r  t h e  e x p l i c i t  method i n  t h e  a l l o w a b l e  v a l u e  of AT by 
f a c t o r s  of  4 o r  5 a r e  e a s i l y  o b t a i n e d .  Indeed i f  
AY = OAX, 
t h e  improvement o v e r  t h e  e x p l i c i t  method s t a b i l i t y  l i m i t  i s  g i v e n  by 
2, AT = (i t a AT 
( e x p l i c i t )  
- 14- 
NUMERICAL EXAMPLE 
The r e s u l t s  f o r  a numer ica l  example a r e  shown i n  F i g u r e  1. The c a s e  p r e s e n t e d  
i s  t h e  s o l u t i o n  f o r  a one d imens iona l  s l i d e r  b e a r i n g  whose p a r t i c u l a r  geometry 
i s  shown on t h e  f i g u r e .  The d a t a  p l o t t e d  a r e  l o a d l s t e a d y  s t a t e  load v e r s u s  
t h e  i t e r a t i o n  number, w i t h  AT showing the  p a r a m e t r i c  s t u d y .  For a l l  c a s e s  
t h e  i n i t i a l  p r e s s u r e  d i s t r i b u t i o n  i s  s e t  e q u a l  t o  t h e  ambient  p r e s s u r e .  From 
t h e s e  d a t a ,  t h e  e f f e c t  o f  changing  t h e  va lue  of  AT can  be r e a d i l y  s e e n .  For  
s m a l l  v a l u e s  of AT, t h e  load  approaches  the s t e a d y  s t a t e  s o l u t i o n  from one 
s i d e  behaving  a s  a normal p h y s i c a l  t r a n s i e n t .  For  t h e  h i g h e r  v a l u e s  of AT, t h e  
load  o v e r s h o o t s  t h e  s t e a d y  s t a t e  r e s u l t  and o s c i l l a t e s  abou t  i t ,  decay ing  i n t o  
t h e  s t e a d y  s t a t e .  The h i g h e r  t h e  v a l u e  of AT, t h e  more v i o l e n t  t h e  o s c i l l a t i o n  
appea red .  It should  be mentioned h e r e  t h a t  f o r  t h i s  p a r t i c u l a r  a n a l y s i s ,  t h e  
t h r e s h o l d  of s t a b i l i t y  f o r  t h e  e x p l i c i t  method i s  AT < .001. 
-15- 
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NOMENCLATURE 
C 
H 
h 
L 
= r e f e r e n c e  c l e a r a n c e  
= h / c  
= l o c a l  c l e a r a n c e  
= r e f e r e n c e  l e n g t h  
P 
P 
Pa 
1 
T 
t 
U 
X 
= Pipa  
= l o c a l  p r e s s u r e  
= ambient  p r e s s u r e  
t u  
2L 
- -   
= t i m e  
= e f f e c t i v e  s u r f a c e  speed 
X - -   
L 
x,y = d i m e n s i o n a l  c o o r d i n a t e s  on b e a r i n g  s u r f a c e  
- Y  
L Y 
1J. = a b s o l u t e  v i s c o s i t y  
$ = PH 
APPI(OVED DISTRIBUTION LISTS FOR UNCIASSIFIED TECHNICAL R e p o m  
ISSUED UNDER 
GAS LUBRICATED BEARINGS CONTRACTS 
Contract  Nonr 3730(00) NR 062-317 
(Om-4) 
Chief of Naval Research 
Department of t he  Navy 
Attn:  Code 438 
429 
463 
Washington 25, D.C. 20360 (3)  
C a n d i n g  Of f i ce r  
Of f i ce  of Naval Research 
Branch Of f i ce  
495 S-er S t r e e t  
Boston, Massachusetts 02110 
Cormanding Of f i ce r  
Of f i ce  of Naval Research 
Branch Off i c e  
279 South Dearborn S t r e e t  
Chicago, I l l i n o i s  60604 
Commanding Of f i ce r  
O f f i c e  of  Naval Research 
Branch Of f i ce  
207 West 24th S t r e e t  
New York, New York 10011 
Commanding Of f i ce r  
Of f i ce  of Naval Research 
Branch Of f i ce  
Box 3; ..
F l e e t  Post  Of f i ce  
New York, New Yark 09510 (25) 
Cornending Of f i ce r  
Of f i ce  of Naval Research 
Branch Of f i ce  1030 Eas t  Green S t r e e t  
Pasadena, C a l i f o r n i a  91101 
C o m n d i n g  Of f i ce r  
Of f i ce  of Naval Research 
Branch Of f i ce  
1076 Mission S t r e e t  
San Franc i sco ,  C a l i f o r n i a  94103 
Defense Documentation Center  
Cameron S t a t i o n  
Alexandria ,  V i rg in i a  22314 (20) 
NASA Lewis Research Center  
Attn:  L ib ra ry  MS 60-3 
21000 Brookpark Road 
Cleveland,  Ohio 44135 
Mr. P. H. Broussard,  Jr. 
Guidance end Con t ro l  D iv i s ion  
Nat ional  Aeronaut ics  and Space 
George C .  Har sha l l  Space F l i g h t  Center 
Hun t sv i l l e ,  Alabama 35812 
United S t a t e s  Atomic Energy C o w i s s i o n  
Div. of Technical  In fo .  Extension 
P. 0. Box 62 
Oak Ridge, Tennessee 37830 
Aerojet-General  Nucleonics  
P. 0. Box 86 
San Ramon, C a l i f o r n i a  94583 
Aerospace Corporat ion 
P. 0. Box 95085 
Los Angeles, C a l i f o r n i a  90045 
Attn:  L ib ra ry ,  Repor t s  Acqu i s i t i ons  
Admin i s t r a t ion  
Group 
AiResearch Manufactur ing Company 
P. 0. BOX 5217 
Phoenix, Arizona 85010 
Attn:  Mrs. J .F.  Mackenzie, L i b r a r i a n  
Ameiiean I n s t i t u t e  of Aeronaut ics  
and As t ronau t i c s  
Technical  Information Se rv ice  
750 Third Avenue 
New York, New York 10017 
American Soc ie ty  of Lubr i ca t ion  
838 Bume Highway 
Park Ridge,  I l l i n o i s  60068 
Ot to  Decker, Manager 
F r i c t i o n  6 Lubr i ca t ion  Lab 
F rank l in  I n s t i t u t e  
20 th  and Parlcway 
Ph i l ade lph ia ,  Pennsylvania  19103 
Engineers  
Commrnder 
Naval Ship Systems C o m n d  
Washington, D.C. 20360 
Attn:  6644 C (R. M. Pe t ros )  
Department of the Navy 
Naval A i r  Systems Co-nd 
Washington, D.C. 20360 
Attn:  (S. M. Collegeman) 
(M. R. Welters)  
Dire= t o r  
Naval Research Laboratory 
Washington, D.C. 
At tn:  Code 2027 
5230 (6) 
Soec ia l  P r o i e c t s  Of f i ce  
1 ~ -  
Department of t he  Navy 
Washington 25, D.C. 
A t tn :  Code SP230 (D. Cold) 
Spool ( O r .  J .P.  Craven) 
Co-nding Of f i ce r  and Director  
U.S. Navy Marine Engineer ing Laboratory 
Annapolis, Maryland 
nLL,,. Code 800 .__.. 
C o d e  852 (Watt V .  Smith) 
Superintendent  
U.S. Naval Postgraduate  School 
Monterrey, C a l i f o r n i a  
Attn:  L ib ra ry  
Conmanding O f f i c e r  
U.S. Naval Avionics  F a c i l i t y  
Ind ianapo l i s  18, Indiana 
Attn:  J. G.  Weir RDM-4 
D r .  W. A .  Gross 
Ampex Corporat ion 
401 Broadway 
Redwood C i t y ,  Cd l i to rn i a  94063 (2)  
M r .  S t an ley  L.  Zedekar 
Department 244-2, Bui lding 7 1  
Autonet ics  
P. 0. Box 4181 
Anaheim, C a l i f o r n i a  92803 
C .  C .  Flanigen 
Di rec to r  of Engineering 
Lycoming Div i s ion ,  Avco co rpora t ion  
S t r a t f o r d ,  Connect icut  06497 
Dr. R u s s e l l  Dayton 
B a t t e l l e  Memorial I n s t i t u t e  
505 King Avenue 
Columbus, Ohio 43201 
Walt Tucker 
NUC l e a r  Engineer ing Department 
Brookhaven Nat ional  Laboratory 
Upton, Long I s l and ,  New York 
J e t  Propuls ion Laboratory 
C a l i f o r n i a  I n s t i t u t e  of  Technology 
4800 Oak Grave Avenue 
Pasadena, C a l i f o r n i a  91103 
Attn:  L ib ra ry  
D r .  F. O s t e r l e  
Mechanical Engineer ing Department 
Carnegie I n s t i t u t e  of Technology 
P i t t sbu rgh ,  Pennsylvania 15213 
P ro fes so r  M. C. Shaw, Head 
Department of  Mechanical Engineering 
Carnegie I n s t i t u t e  of  Technology 
P i t t sbu rgh ,  Pennsylvania 15213 
Dr. W .  T. Sawyer 
Department of  Mechanical Engineering 
Ca tho l i c  Un ive r s i ty  
Washington, D.C. 20017 
Mr. George H. Pedersen 
Curt iss-Wright  Corporat ion 
Wright Aeronaut ical  Divis ion 
Woodridge, New Je r sey  07075 
11973 
Commanding General 
U.S. Army Mate r i a l  Command 
Research h Development Di rec to ra t e  
Research Divis ion 
Washington, D.C .  20315 
Attn:  Mr. Norman L. Klein 
Chief of Research end Development 
Of f i ce  of Chief of S t a f f  
Department of the Army 
The Pentagon, Washington, D.C. 20310 
Conmanding General  
U.S. Army Engineer R h D  Labora to r i e s  
For t  Be lvo i r ,  V i rg in i a  22060 
At tn :  W .  M. C r i m ,  
F i e ld  Of f i ce  
Technical  Documents Center 
Redstone S c i e n t i f i c  Informst ion Center  
Attn:  Ch ie f ,  Document Sec t ion  
U . S .  Army Miss i l e  Command 
Redstone Arsenal ,  Alabama 35809 
Commanding Of f i ce r  
U.S. Army Research Of f i ce  
ESD - AROD 
Box CM, Duke S t a t i o n  
Durham, North Carol ina 27706 
Chief of S t a f f  
U.S. A i r  Force 
The Pentagon 
Washington, D.C. 20330 
Attn:  AFRDR-AS/M 
Commander 
Air Force O f f i c e  of S c i e n t i f i c  Research 
Washington, D . C .  20333 
Attn:  SRHM 
Commander, R 6 T Divis ion 
Air Force Systems Command 
Attn: L.M. Medgepeth (APIP-1) 
Wright-Pat terson AFB, Ohio 45433 
AF F l i g h t  Dynamics Laboratory 
Attn:  Mr. W. C .  Buzzard (FDFM) 
Wright-Pat terson AFB, Ohio 45433 
A i r  Force Aero Propuls ion Laboratory 
Art": APFL (Mr. John L. Morr is)  
Wripht-Pat terson AFR, Ohio 45433 
R . W .  McAdory (AVNE) 
Robert H .  Josephson, Manager 
C lev i t e  Corporat ion 
Mechanical Rcsearch Divis ion 
540 East  105th S L ~ C C L  
Cleveland,  Ohio 44108 
P ro fes so r  V. C a s t e l l i  
Department of Mechanical Engineer ing 
Columbia Universi ty  
New York, New York 10027 
Professor  H. Elrod 
Departmcnt of  Mechanical Engineer ing 
Columbia Un ive r s i ty  
New York, New York 10027 (2 )  
Mr. Gerald B .  Speen 
Divis ion Manager 
Conductron 
P. 0. BOX 844 
Northr idge,  C a l i f o r n i a  91324 
M I .  J. W .  Lower, Chief 
Eng inee r - Ine r t i a l  Components 
Honeywell Aero Divis ion 
2600 Ridgeway Road 
Minneapol is ,  Minnesota 55455 
M r .  J. Levine 
Ford Instrument  Company 
31-10 Thomson Avenue 
Long I s l and  C i t y ,  New York 11101 
MI. Schuyler Kleinhans 
Vice P res iden t  - Engineering 
Douglas A i r c r a f t  Company, Inc. 
Santa Monica, C a l i f o r n i a  90406 
Engineer ing S o c i e t i e s  Library 
345,East  41 th  S t r e e t  
New York, New York 10017 
Library 6 Information Se rv ices  
General Dynamics-Convair 
P. 0. Box 1128 
San Diego, C a l i f o r n i a  92112 
D r .  John E .  Nayer, J r .  
Research and Engineer ing Center 
Ford Motor Company 
P. 0. Box 2053 
Dearborn, Michigan 48123 
Mr. Lukasrewicr 
Ch ie f ,  Gas Dynamics F a c i l i t y  
Arnold Air  Force S t a t i o n  
Tennessee 37389 
Mr. Clarence E. M i l l e r ,  Jr. 
Div i s ion  of Reactor  Development h 
U.S. Atomic Energy Commission 
Washington, D . C .  20545 
M r .  N .  Grossman, Chief 
Engineer ing Development Branch 
Reactor Development Divis ion 
U.S. Atomic Energy Commission 
Technology 
(2) 
Washington, D.C. 20545 (2) 
Headquarters  Library 
U.S. Atomic Energy Commission 
Washington, D . C .  20545 
U.S. Atomic Energy Coomission 
Oak Ridge Operat ions Of f i ce  
P.O. Box E 
Oak Ridge, Tennessee 37831 
At tn :  Charles  A .  Ke l l e r  
U.S. Atomic Energy Commission 
Portsmouth Area Of f i ce  
Piketon,  Ohio 45661 
At tn :  D r .  Malone 
Ch ie f ,  Divis ion of Engineer ing 
Maritime Adminis t ra t ion 
441 G S t r e e t ,  N.W.  
Washington, D . C .  20235 
Cryogenic Data Center  
Nat ional  Bureau of Standards 
Boulder, Colorado 80302 
Di rec to r ,  Lewis Research Center  
Nat ional  Aeronaut ics  h Space 
At tn :  Mr. E .  E. Bisson 
Cleveland,  Ohio 44871 
NASA S c i e n t i f i c  6 Technical  
Attn:  Acqu i s i t i ons  Branch (SAKIDL) 
P. 0. Box 33 
College Park,  Maryland 20740 
Adminis t ra t ion 
Information F a c i l i t y  
P ro fes so r  D .  D .  F u l l e r  
Labora to r i e s  f o r  Research and 
The F rank l in  I n s t i t u t e  
Ph i l ade lph ia ,  Pennsylvania 19104 ( 3 )  
Mr. J e r r y  Claser 
Senior  P r o p c t  Engineer ( k p t  37) 
AiResearch Manufacturing Div i s ion  
Thc G a r r e t t  Corporat ion 
9851 S. Sepulveda Boulevard 
Los Angeles, C a l i f o r n i a  90009 
L ib ra ry  
General Atomic Divis ion 
General Dynamics Corporat ion 
P. 0. Box 608 
San Diego, C a l i f o r n i a  92112 
>k. G. R .  Fox 
Research and Development Center 
General E l e c t r i c  Company 
P. 0. BOX 8 
Schenectady, New Y a k  12381 
Mr. C .  C .  Moore, S p e c i a l i s t  
Advanced Bearing h Sea l  Technology 
General E l e c t r i c  Company 
F l i g h t  Propuls ion Divis ion 
C i n c i n n a t i ,  Ohio 45215 
Mr. E .  Roland Maki 
Mechanical Development Department 
General Motors Corporat ion 
12 Mile and Mound Roads 
Warren, Michigan 48090 
Mr. Richard J .  Matt ,  Manager 
Bcaring Development 6 Con t rac t  
New Departure Divis ion 
General Motors Corporat ion 
Milwaukee, Wisconsio 53201 
Mr. Howard F. Traeder 
Instruments  Engineer ing Department 
AC E lec t ron ic s  Divis ion 
General Motors Corporat ion 
Milwaukee, Wisconsin 53201 
Mr. Walter  carow 
Kear fo t t  Divis ion 
General P rec i s ion  Incorporated 
1150 McBride Avenue 
L i t t l e  F a l l s ,  New Je r sey  07425 
Development 
W .  David Cra ig ,  Jr. 
Mechanical Design S e c t i o n  
Grumman A i r c r a f t  Engineering Corporation 
Bethpage, Long I s l a n d ,  New York 
Mr. P. Eisenberg,  R e s i d e n t  
Hydronautics,  Inco rpora t ed  
P i n d e l l  School Road 
Howard County 
Laure l ,  Maryland 20810 
R o f e s s o r  1. N. Tao 
Illinois I n s t i t u t e  of Technology 
Chicago, I l l i n o i s  60616 
Mr. Stan ley  Abramovitz, D i rec to r  
I n d u s t r i a l  Tec ton ic s ,  Inc. 
Flu id  Film Bearing Div i s ion  
New South Road and Commercial S t r ee t  
H i c k s v i l l e ,  Lon8 I s l and .  New York 11803 
The Johns Hopkins UniVer8ity 
Applied Phyaics Laboratory 
8621 Georgia Avenue 
S i l v e r  Spr ing ,  Maryland 20910 
A t m :  Fenton L. Kennedy 
Document L ib ra ry  
11714 
Lvckhoed Miaa i les  and Space Company 
Technical In fo rms t ion  Center 
3251 manover S t r e e t  
Palo A l t o ,  C a l i f o r n i a  94301 
D T .  J. S .  Auarmn 
L i t t o n  Systema, Inc. 
5500 Csnoge Avenue 
Woodland H i l l s ,  C a l i f o r n i a  91364 (2) 
Mr. Don Moors 
L i t t o n  Systems 
5500 Canoga Avenue 
Woodland H i l l s ,  C a l i f o r n i a  91364 (2) 
Libra ry  
The Marquardt Corporetion 
16555 Se t i coy  
van N u y ~ ,  C a l i f o r n i a  91409 
Massachusetts I n s t i t u t e  of Technology 
Ins t rumenta t ion  Laboratory 
68 Albany S t r e e t  
Cambridge, Massachusetts 02139 
At tn :  L ib ra ry ,  ILI-109 
Mr. S h e r r i l l  Hisaw 
The LsFleur Corpora t ion  
16659 South Gramercy Place 
Torrance,  C s l i f o r n i s  
u n i v e r s i t y  of V i rg in i a  
Y 
Mr. Edgar J. Gunter,  Jr. 
School of Engineering and Applied Science 
C h a r l o t t e s v i l l e ,  V i rg in i a  22903 
Mr. J. Lich t  
Department of Mechanical Engineering 
Columbia Univers i ty  
New York, New York 10027 
Mr. R. A .  Minerd 
A s s i s t a n t  Product Manager 
Cas Bearing Technology Div i s ion  
MPB Inco rpora t ed  
R e c i s i o n  Products D iv i s ion  
Keene, New Hampshire 
P ro fes so r  J .  Modrey 
Department of Mechanical Engineering 
Purdue Univera i t y  
L s f s y e t t e ,  Ind lnns  
Mr. J. W .  Ksnnel 
B a t t e l l e  Memorial I n s t i t u t e  
505 King Avenue 
Columbus, Ohio 43201 
R o f e s s o r  Herbe r t  H. Richardson 
Room 3-461 
Massachusetts I n s t i t u t e  of Technology 
Cambridge, Massachusetts 02139 
&Donne 11 Ai rc re f  t Corpora t i o n  
Post O f f i c e  Box 516 
S t .  Louis,  Missour i  63166 
Attn: L ib ra ry ,  Dept. 71R 
Dr. Beno S t e r n l i c h t  
Mechanical Technology Incorporated 
968 Albany-Shaker Road 
Latham, New York 12110 
Mr. C a r l  F. Graesser, Jr. 
Direc to r  of Research 
New Hampshire B e l l  Bearings, Inc. 
Peterborough, New Hampshire 03458 
R o f e s s o r  A.  C h a r m s  
The Technological I n s t i t u t e  
Northwestern Universi  t y  
Evanston, I l l i n o i s  60201 
Mr. E .  L. Swainson, Chief of Research 
Precision R o d u c  t8 Depsr tment 
Nor t r o n i c a  
A Uivision of Northrop Corporation 
100 Morse s t r e e t  
Norwoad, Massachusetts 02062 
Northrop Norair  
3901 Weat Broadway 
Hawthorne, C a l i f o r n i a  90250 
A t m :  Tech. In fo .  3343-32 
R o f e s s o r  P. R. Trumpler 
Towne School of C i v i l  and Mechanical 
Un ive r s i ty  of Pennsylvania 
Ph i l ade lph ia ,  Pennsylvania 19104 
Rst t  6 Whitney A i r c r a f t  
D iv i s ion  of UAC - CANEL 
P. 0. Box 611 
Middle town, Connec t i c "  t 
At tn :  L i b r a r i a n  
R a d i o  Corporation of America 
Camden, New J e r s e y  01802 
At tn :  L ib ra ry ,  Building 10-2-5 
Engineering 
Mr. Robert  S .  S i e g l e r  
Roeke tdyne 
Nucleonics Subdivision 
6633 Canoga Avenue 
Canoga Park,  C a l i f o r n i a  91304 (1) 
Mrs. Florence Turnbull  
Engineering L ib ra r i an  
Grea t  Neck, New York 11020 
S ; c T z j j  c ; r ~ ~ ~ q , e  con,yaLly 
w .  G. Wing 
Sperry Gyroscope Company 
2T120 
Great Neck, New York 11020 
R. G. Jordan 
Oak Ridge G B B ~ O U S  Dif fus ion  P1. 
Union Carbide Corp. Nuclear Div. 
P. 0. Box P 
Oak Ridge, Tennessee 37830 
Ralph F. DeAngelias, Technical L ib ra r i an  
Norden Div i s ion  of United A i r c r a f t  
COrpDrQtio" 
Helen s t r e e t  
Norwalk, Connecticut 06852 
Mr. J. M. Gruber, Ch. Engrg. 
Waukesha Bearinge Corporation 
P. 0. Box 798 
Wsukeshs, W i ~ c o n a i n  53186 
John Boyd 
Westinghouse Research Labore to r i ea  
Church i l l  Boro 
Pi t t sbu rgh ,  Pennsylvania 15235 
Mr. H .  Walter 
Vice R e s i d e n t  - Rcsesrch 6 Develapmcnt 
Worthington Corporation 
Harrison, New Je r sey  07029 
D r .  Gslus G .  Goetncl,  0152-30 
Bldg. 201, P l an t  2 ,  Pelo Al to  
Lockheed M i s s i l e s  6 Space Company 
P. 0. Box 504 
Sunnyvale,  C a l i f o r n i a  94086 
Mr. P h i l i p  J. Mullan 
S t a f f  Enginecr - Advanced Tapes 
I B M  Data Systems Div i s ion  
Development Laboratory - Ron 390 
Poughkrepsir ,  New York 12602 
Sc ience  h Technology Divis ion  
Library  of Congress 
Washington, D. C .  20540 
Admiralty Compass Observatory 
D i t t o n  Park 
Slough, Bucks, England 
Attn: Mr. Henri J. E l w e r t w s k i  
The Unive r s i ty  of Southampton 
Department of Mechanical Engineering 
Southampton, England 
At tn :  Dr. H .  S .  Grassam 
The Bunker-Rem Corporation 
At tn :  Technical L ib ra ry  
8433 Fa l lbrook Avenue 
Canoge Perk, C a l i f o r n i a  91804 
Research Committee in Information 
The American Soc ie ty  of Mechanical 
345 Eas t  47 th  S t r e e t  
New York, New York 10017 
Superv i so r ,  Tech. L ib ra ry  Sec t ion  
Thiokol Chemical Corporation 
Wasateh Div i s ion  
Brigham C i t y ,  Utah 84302 
Mr. Alfonso Alcedan L., D i rec to r  
Labora tor io  Neciansl  De Hydraulics 
Ant iguo Cameno A. Ancon 
C s s i l l s  J o s t a l  682 
Lima, Peru 
Nat iona l  Research Council  
Aeronaut ica l  L ibrary  
A t t n :  Miss 0. M. Leach, L i b r a r i a n  
Montreal Road 
Ottawa 7, Canada 
R o f e s s o r  3. K .  Lunde 
Skipsmodelltanken 
Trondheim, Norway 
D r .  Cha r l e s  C .  W .  Ng 
I I T  Research I n s t i t u t e  
10 West 35th S t r e e t  
Chicago, I l l i n o i s  60616 
Mr. I .  C. Weymoiith 
Massnchuaetts 1natiLuLe of Technology 
Ins t rumen t s t ion  Laboratory 
275 Massachusetts Avenue 
Cambridse, Massachusetts 02139 
Engineers 
U n c l a s s i f i e d  
Security Classification 
DOCUMENT CONTROL DATA - RLD 
(Securfty c la*aff fca t ia ,  o f  title. body o f  abstract and indexinp annotation must be entered h e n  the overall report is  c lass i f ied)  
. ORIGINATING ACTIVITY (Corporate author) 2.9. R E P O R T  SECURITY C L A S S I F I C A T I O N  
7 8 .  TOTAL N O .  O F  P A C E S  
1 7  
Mechanica l  Technology I n c o r p o r a t e d  
968 Albany-Shaker Road 
Latham. New York 12110 
7 6 .  NO. OF REFS 
3 
I U n c l a s s i f i e d  
2 b .  C R O U P  I None 
~~ 
. REPORT T I T L E  
A S e m i - I m p l i c i t  Numerical Method For  T r e a t i n g  The T i m e  T r a n s i e n t  Gas L u b r i c a t i o n  
E q u a t i o n  
1. DESCRIPTIVE NOTES (Type of report and inclu#ive dates)  
T e c h n i c a l  R e p o r t  
C a s t e l l i ,  V i t t o r i o  
S tevenson ,  C h a r l e s  H. 
1. AUTHOR(S) (Laat name. ffmt name, fnitial) 
I. REPORT DATE 
March, 1967 
la .  CONTRACT OR G R A N T  NO. 
Nonr-3730 (00) 
b. PROJECT NO. 
Task NR 062-317/4- 7-66 
C .  
d. 
O b  OTHER R E P O R T  NO(S) ( A n y  other numbers that may be assigned 
h i s  =port)  
0. A V A  IL ABILITY/LIMITATION NOTICES 
Copies  may be o b t a i n e d  by q u a l i f i e d  r e q u e s t o r s  from DDC 
1. SUPPLEMENTARY NOTES 
NONE 
~~~~~ ~ 
12. SPONSORING MILITARY ACTIVITY 
O f f i c e  o f  Naval Research  
3. ABSTRACT 
T h i s  r e p o r t  p r e s e n t s  a numer i ca l  method f o r  t r e a t i n g  t h e  t i m e  t r a n s i e n t  Reynolds  
e q u a t i o n  which  h a s  t h e  numer i ca l  s t a b i l i t y  p r o p e r t i e s  of i m p l i c i t  schemes and t h e  
speed  o f  e x e c u t i o n  of e x p l i c i t  method. 
s u i t a b l e  f o r  bo th  s t e a d y - s t a t e  and t r a n s i e n t  c a l c u l a t i o n s .  
These advan tages  make t h i s  method q u i t e  
ID IZ'NRM,. 1473 U n c l a s s i f i e d  
Security Classification 
MTI-2946 
Unc 1 as s i f  i ed  ~ 
Security Classification 
I I LINK C 
ROLE W T  R O L E  
KEY WORDS 
T r a n s i e n t  Reynolds E q u a t i o n  
E x p l i c i t  numer ica l  method 
Imp i i c  i t numeric a i  method 
INSTRUCTIONS 
1. ORIGINATING ACTIVITY Enter the name and address  
of the  contractor, subcontractor, grantee, Department of De- 
f ense  act ivi ty  or other organization (corporate author) issuing 
the  report. 
2a. REPORT SECUHTY CLASSIFICATION Enter the over- 
all securi ty  c lassi f icat ion of t he  report. Indicate whether 
“Restricted Data” is included. Marking is to b e  in accord- 
ance  with appropriate security regulations. 
26. GROUP: Automatic downgrading is specified in  DoD Di- 
rect ive 5200.10 and Armed Forces  Industrial Manual. Enter 
the group number. Also, when applicable,  show that optional 
markings have been used for Group 3 and Group 4 a s  author- 
ized. 
3. REPORT TITLE: Enter t he  complete report t i t le  in all  
capi ta l  letters. Titles in  all cases should be  unclassified.  
If a meaningful t i t le  cannot be selected without c lass i f ica-  
tion, show t i t l e  classification in a l l  cap i t a l s  in parenthesis  
immediately following the title. 
4. DESCRIPTIVE NOTES If appropriate, enter the type of 
report, e.g., interim, progress, summary, annual, or final. 
Give the inclusive da t e s  when a specific reporting period is 
covered. 
5. AUTHOR(S): Enter the name(s) of author(s) as  shown on  
or i n  t he  report. 
If military, show rank and branch of service. 
the principal author is an  ahsolute minimum requirement. 
6. Enter the date  of the report a s  day, 
month, year; or month, year. 
on the  report, u s e  da t e  of publication. 
7a. TOTAL NUMBER O F  PAGES T h e  total  page count 
should follow normal pagination procedures, i. e., enter the 
number of pages  containing information 
76. NUMBER O F  REFERENCES Enter the total  number of 
references ci ted in the  report. 
8a. CONTRACT OR GRANT NUMBER: If appropriate, enter 
t he  applicable number of the contract  or grant under which 
t h e  report was  written. 
8b, &, & 8d. PROJECT NUMBER: Enter the appropriate 
military department identification, such a s  project number, 
subproject number, system numbers, task number, etc. 
9a. ORIGINATOR’S REPORT NWMBER(S): Enter t he  offi- 
cial report number by which the document will b e  identified 
and controlled by t h e  originating activity. 
be unique to this  report. 
9b. OTHER REPORT NUMBER(S): If t h e  report has  been 
assigned any other report numbers (either b y  the originator 
or by the sponsor), a l so  enter t h i s  number(s). 
10. AVAU.ABILITY/LIMITATION NOTICES Enter  any lim- 
i ta t ions on further dissemination of the report, other than thost 
Enter l a s t  name, f i r s t  name, middle initial. 
T h e  name of 
REPORT DATE: 
If more than one date  appears  
T h i s  number must 
imposed by security classification, us ing  standard statements 
such as:  
(1) 
(2) 
(3) 
“Qualified requesters  may obtdin cop ie s  of t h i s  
report from D D C ”  
“Foreign announcement and dissemination of t h i s  
report by DDC is not au tho r i zed”  
“U. S. Government agencies  may obtain copies  of 
t h i s  report directly from DDC. 
use r s  shal l  request through 
Orher qualified DDC 
I ,  
(4) “U. S. military agenc ie s  may obtain cop ie s  of t h i s  
report directly from DDC 
shal l  request through 
Other qualified u s e r s  
I I  -- 
(5) “All distrlbutlon of this  report is control led Qual- 
ified DDC users  shall  request through 
, e  
I f  the report has  been furnished IU t h e  Office of Technical 
Services,  Department of Commerce, for sdlc to  the public, indi- 
c a t e  t h i s  fact  and enter the price, i f  knowm 
11. SUPPLEMENTARY NOTES: Use ddditional explana- 
tory notes. 
12. SPONSORING MILITARY ACTIVL’TY: Enter the name of 
the departmental project off ice  or laboratory sponsoring ( p a y  
ing for) t h e  research and development. 
13. ABSTRACT: Enter  an  abstract  giving a brief and factual 
summary of the document indicative of this report, even though 
it may a l so  appear elsewhere in the body of the technical  re- 
port. If additional s p a c e  is required, a continuation s h e e t  sha l  
be at tached.  
It i s  highly desirable  that the abstract  of c lass i f ied report 
be unclassif ied.  Each paragraph of the abstract  shal l  end with 
an indication of the military security c lassi f icat ion of the in- 
formation in the paragraph, represented a s  (TS?. (S). (C) or (U) 
There i s  no limitation on the length of the abstract .  HOW- 
ever.  the suggested length is  from 150 to 225 words. 
14.  KEY WORDS: Key words are  technically meaningful terms 
or short  phrases  that character ize  a report and may he used a s  
index entr ies  for cataloging the report. 
s e l ec t ed  so that  no security c lassi f icat ion i s  required. Identi- 
f iers,  such a s  equipment model designation, trade name, milita 
project code name, geographic location, may be used a s  key 
words but will b e  followed by an indication of technical con- 
text.  
Include address. 
Key words must be  
The assignment of l inks,  roles, and weights is optional. 
MI-2945 
U n c l a s s i f i e d  
Security Classification 
